Residual strains in a 51mm (2-inch) thick 304L stainless steel plate have been measured by neutron diffraction and interpreted in terms of residual stress. The plate, measuring (300mm)'! in area, was removed from a 6m (204.) diameter uninadiated boiling water reactor core shroud, and included a multiple-pass horizontal weld which joined two of the cylindrical shells which comprise the core shroud. Residual stress mapping was undertaken in the heat affected zone, concentrating on the outside half of the plate thickness. Variations in residual stresses with location appeared consistent with trends expected from frnite element calculations, considering that a large fraction of the residual hoop stress was released upon removal of the plate from the core shroud cylinder.
INTRODUCTION

2
In June 1994, the nuclear power industry formed the Boiling Water Reactor Vessel and Intemals Project (B WRVW) to generically address integrity issues arising from service-related degradation of reactor pressure vessel (RPV) and RPV internal components. Specific near-term goals for the BWRVIP are to address core shroud stress corrosion cracking issues such as methodologies for reliable crack growth predictions. Reliable predictions are critical if a utility is to optimize its maintenance activities and demonstrate continued integrity of affected components. The DOE Office of Nuclear Energy, recognizing the potential impact on a third of the nuclear reactors operating in the United States, is presently supporting the BWRVIP objectives through efforts coordinated at Sandia National Laboratory.
Experimental measurement of residual stresses is fundamental to the prediction of inservice stress corrosion crack growth in nuclear reactor components such as the reactor core shroud. Welding fabrication residual stresses are the main loads on the material in an otherwise unloaded structure. Although stress measurement by X-ray diffraction is a well established technique (1,2), it is limited to near-surface stresses. Neutron diffraction permits non-destructive evaluation of lattice strain within the bulk of large specimens because neutron radiation is much more deeply penetrating (3). Application of this method to mapping residual stress in welded thick stainless steel plates has been demonstrated (43. The present project utilized neutron diffraction techniques to determine fabrication residual stresses in sections cut from an unirradiated 304L stainless steel core shroud. This data was used to assist in evaluating reliable crack growth prediction methodologies under development by the BWRVIP. In this project, three components of residual stress have been measured at locations within the weld heat affected zone of a sample containing a horizontal weld.
EXPERIMENTAL PROCEEDURES (1) Specimen
The boiling water reactor core shroud was fabricated by Bingham Willamette, Ltd., by welding pre-formed steel plates into cylinders and then welding the cylinders together to form the final shroud structure. The material under investigation is the base metal in the heat affected zone of the final horizontal weld. The weld is a multiple-pass double V-groove (offset) weld made by the gas tungsten arc process. A 915mm (3%) diameter plug was cut from the shroud so as to contain both a vertical weld and horizontal weld and samples were removed and examined at several laboratories by a variety of techniques. In this study, a 305mm square plate was cut from the plug so that the horizontal weld was centered in the plate, as shown in Figure 2 . The base metal was 304L stainless steel and the filler metal was 308L stainless steel.
The residual stress state in the welded plate arises not only from the thermal expansion effects of welding but also from the pre-welding fabrication and post-welding treatment. The process of removing the welded specimen from the shroud was expected to provide a significant degree of stress relaxation, as demonstrated by the increase in the radius of curvature of the plug specimen to 2.86m (9.396 ft), compared to 2.65m (8.705 ft) prior to removal. It should be assumed that additional stress relaxation occurred as the 305mm square plate was removed from the plug, although this was not verified experimentally. This study of the welded plate excluded the fusion zone and therefore the material examined is single-phase austenite. The general configuration of the specimen is illustrated in Figure 2 .
(2)
Neutron Diffractometer
Neutron scattering experiments were carried out on the HB-2 spectrometer at the High Flux Isotope Reactor (HFIR) of the Oak Ridge National Laboratory. The incident neutron beam was made monochromatic by diffraction from the (1 1 .O) planes of a beryllium single crystal. The monochromator drum was set at 84" 20, and the wavelength was determined to be 0.153 nm from analysis of a nickel powder standard. The nominal Bragg diffraction angle for the a-Fe 3 1 1 plane is 89.6" 28. Narrow incident and receiving slits define the gauge volume within the specimen, as shown schematically in Fig.1 . In this experiment, neutron beam collimation between the monochromating crystal and the sample was defrned by a 12.7mm wide insert in the monochromator drum shield and a 5mm wide incident beam aperture. The scattered beam collimation was defined by a 5mm scattered beam aperture and an ORELA position-sensitive detector located at 800mm from the sample. The detector active area is 100mm long by 4Omm high, permitting collection of diffraction data over an approximately 6" 20 range. The detector output, which is proportional to location along the lOOmm length, is fed to a 512 channel multichannel analyser. The angle-displacement relationship for the position-sensitive detector was carefully calibrated by measurements of controlled displacements of a sharp Bragg peak. The incident and scattering apertures were located approximately 75mm from the diffractometer axis in order to accommodate the translations made during the course of mapping measurements.
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The precise location of the diffracting volume within the specimen was controlled by appropriate translation and/or rotation of the sample. In the measurement of the horizontal weld (H5), the radial and axial components of residual strain were measured with the weld oriented vertically. The gauge volume was defined by incident and scattered beam apertures made of cadmium which pass beams 5mm wide and lOmm tall. In the measurement of hoop components the weld was oriented horizontally and the gauge volume was defined by apertures which pass beams 5mm wide and 5mm tall, the orientation of which is shown in the photograph (Fig.3) of the experimental layout. The coordinates of the sampling positions, given in Table 1 , were referenced to the mid-thickness of the plate and to a displacement from the top edge of the fusion zone shown in Fig.4 , which shows the macro-etched surface of a sample that was cut adjacent to the 305mm plate. The plate was clamped and mounted on an X-Y translation table. The location of the external surface on the outside diameter of the plate was verified by making an intensity scan and fitting the intensity changes as a function of location using a non-linear fit, as described by Brand (6). Axial and radial strain components were measured with the weld aligned vertically, using the X-Y translation table to locate the diffracting gauge volume in the correct position. The plate was remounted with the weldline horizontal for measurement of the hoop components of residual strain, which required vertical displacements of the sample. This was accomplished using shims placed under the sample in order to give the needed displacements of the diffracting volume from the weld edge. These displacements were checked with an aligned optical telescope to an estimated accuracy of W.2mm.
(3)
Measurement of Strain Macro-residual strain can be determined from the change in lattice d-spacing of diffracting grains in a polycrystalline diffraction peak from that of a strain-free reference material. The strain is an average of the strains in the large number of grains within the sampling volume that are oriented for the particular scattering geometry defined by the incident and scattered beams. The Bragg angle determined in the scattering measurement yields a lattice d-spacing
where h is the wavelength of the neutrons and is one-half the scattering angle for a diffraction peak corresponding to the crystallographic Miller indices h,k,Z. The direction of the measured strain bisects the incident and scattered beams. This residual strain component is calculated from the shift in the d-spacing relative to a stress-free d-spacing by . .
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where dLl is the d-spacing of the stress-free reference. Substitution of Bragg's law into this strain equation gives, equivalently,
which shows how a shift in the Bragg diffraction angle is used to calculate the lattice strains. The 28 value is obtained by fitting a Gaussian function and linear background to the measured peak intensity. The 28, was determined typcally to an accuracy of f0.001". For 28 values near 90°, this yields a typical precision in strain of a few parts in 10,000. The strain determinations are based on Bragg peak shifts relative to a reference Bragg peak position measured with the same fixed position-sensitive proportional counter. The stability of the Bragg peak measurements in the course of a measurement campaign was monitored by repeated measurements of a relative reference point (in the sample itself) or a reference bar (attached to the sample). This would potentially substitute for an absolute reference scattering angle measurement of 28, , so long as the reference point is known to be stress-free.
A Monte Carlo program, ARTISHIFT, (7) was used to model the experimental conditions to check for shifts in the measured Bragg angle due to the comparitively large gauge volume. This model indicated that, for the transmission geometry utilized for the hoop and axial measurements, the peak shift is below the statistical error of the peak, that is IN81 I O.O0lo. For the reflection geometry utilized for the radial and reference bar measurements, the peak shift was found to be a constant of magnitude A28 = O.OIOo, irrespective of location within the sample. This peak shift is due to the relatively large gauge volume. In the reflection geometry, neutrons diffracting from one side of the gauge volume have sufficient differences in pathlength through the steel compared to neutrons diffracting from the other side. Differences in absorption cause the neutron distribution at the detector to shift to higher angles. For the transmission geometry, the path differences are symmetric, so no shift is observed in the diffracted neutron distribution at the detector.
An accurate Bragg peak measurement from a stress-free reference sample is required for accurate residual strain determination. In previous investigations of 300-series stainless steel welds (4,8,9) it proved sufficient to carefully remove a small reference piece of base metal from the Manuscript for: ASME 1996 Meeting on Pressure Vessels and Piping 6 edge of the welded plate at a location far from the fusion zone. The removal of the mechanical constraints of the surrounding material by cutting is usually enough to reduce any remaining residual strain to a value below the limits of detectability. In this investigation we have used a thin slab of material cut adjacent to the H5 weld piece, from which an 8mm x 8mm x 5Omm pillar was removed from a location more than 6 inches from the fusion zone, which thus represents the metallurgical condition of the base metal.
Concerning composition effects, it had been observed in prior studies of 300-series stainless steel welds (4, 8, 9) that the composition of the heat affected zone (HAZ) is not measurably different from the base metal. The fraction of delta (bcc) iron is below the limit of neutron diffraction detectability (less than 2%) and a micro-fluorescence scan for iron, nickel and chromium from the HAZ to the base metal showed no systematic variation of composition arising from the transient annealing in the HAZ. The changes in d-spacing between different parts of the HAZ and the base metal therefore are regarded as being smaller than the l i m i t s of detectability in the residual strain mapping experiment.
The residual strains were measured in three mutually perpendicular directions which would be the expected principal axes within the HAZ and base metal. Since the plate was cut from a large cylinder, the assumption that the measured directions correspond to the principal axis may only be an approximation, in which case the stresses operating on the sample in the measured directions will not be simple principal stresses but will also include shear stresses. The calculation of the residual stresses from the measured strains is accurate, but it cannot be assumed that these are necessarily the principal stresses. Hole drilling measurements on the core shroud, undertaken atSandia National Laboratory, had indicated that the principal axis were in fact tilted away from the nominal symmetry axes used for the scattering measurements. However, as noted above, cutting the plates from the shroud modifies the residual stress state, and so the hole drilling results and the neutron scattering results are not expected to be equivalent.
The residual stress components are calculated in terms of the strain components by the following relation:
in which E and v are the appropriate values of Young's modulus and Poisson's ratio, respectively, for the crystallographic direction, hkl. The other stress components follow by permuting the indices of the orthogonal axes. The effective value of the elastic modulus depends on the direction in a face centered cubic crystal, for which the softest direction is the [Ool] and the stiffest is the [ 11 11. The [311] direction was used in this study, which has a modulus that is intermediate between these extremes, and is closer to the bulk Young's modulus of 190 GPa and Poisson's ratio of 0.29. This set of planes has a high crystallographic multiplicity which yields good intensity, lies close enough to 90' 28 at the wavelength selected so that the diffracting volume is nearly cubic, and has a reduced sensitivity to variations in texture. Grain size effects were further reduced by oscillation of the plate by It: 1" about the diffractometer axis during the collection of the scattering data.
The evaluation of the average elastic constants depends on the method of averaging elastic properties for a polycrystalline material (1,2). For instance, the Voigt model assumes a constant strain distribution in all the grains, whereas the Reuss model assumes a constant stress distribution. These are, effectively, the lower and upper bounds for the average elastic constants, whereas the Kroner model gives values which are closer to experimentally determined single crystal values. The elastic constants for the 3 1 1 direction, as obtained from these different models for 304L stainless steel, are:
Voigt:
Kroner:
E =184 GPa
Reuss:
Despite the large differences in constants as estimated by these models, it was found in this case that the calculated stresses were not particularly dependent on the model selected, and only results using the elastic constants from the Kroner model will be described herein.
RESULTS AND DISCUSSION a) Raw data
Preliminary experiments were made to evaluate the attenuation of the neutron beam by the sample, and assess the impact on data collection time and strategy, given that past experience had indicated that an approximately 25mm thickness of stainless steel was the practical limit to residual stress mapping by neutron diffraction. On the basis of the preliminary data, it was determined that large beam apertures (5mm) and long counting times (up to 6 hours per location) enabled recording of Bragg peaks of sufficient intensity for strain mapping. A sequence of eight experimental runs were undertaken over the remaining available neutron beam time (about 7 days), each run including Manuscript for: ASME 1996 Meeting on Pressure Vessels and Piping 8 many data points at the x and y coordinates indicated in Figure 4 , at three orthogonal orientations (Le., hoop, radial, or axial). In all, some twenty four locations were examined near the fusion zone side of the heat affected zone. In some cases only one or two of the three strain components were measured for reasons of inadequate intensity or because of limited time.
b) 2-theta corrections
Experimental runs #1 through #5 each included measurements of a reference point located near the cut end of the plate in the hoop orientation. This point near the surface was selected both for convenience, and because it was assumed that, at this position, the residual hoop stress would be largely relieved due to removal of mechanical constraints. Between the third and fourth set of experiments the positions of the incident and receiving slits were adjusted to improve their alignment. The 31 1 peak position of the relative reference position was subsequently found to shift from 89.474" 28 to 89.451' 28. Consequently, the peak positions recorded in run #4 and #5 were corrected by adding a constant 0.023" (26) to be comparable to the earlier data files.
Experimental runs #6 through #8 each included measurements of a reference point located near the outer diameter of the plate in the radial orientation. This point was selected for convenience due to limitations in the available sample traverse, but enabled the data sets to be corrected relative to the previous data by comparison with the essentially equivalent radial 26 value obtained at y = 5mm nearest the outer diameter. The 3 11 peak position at this point was found to have shifted from 89.531" to 89.546" in 28. Some peak shift was once again expected, due to a second adjustment of the incident and receiving slit positions between runs #5 and #6, and consequently the peak positions recorded in run #6 through #8 were subtracted by a constant 0.015' (28) to be comparable to the earlier data files.
As a further correction, all of the radial data peak positions, once corrected by the relative reference shifts, were also corrected for asymetric neutron attenuation by subtracting 0.0 lo', based on the results of the Monte Carlo simulation of the reflection geometry, as previously discussed in the Experimental Procedures. M.003" after applying the A28 shift for the reflection geometry, as described previously. This Manuscript for: ASME 1996 Meeting on Pressure Vessels and Piping 9 corrected value was used as the stress-free 28 angle for all calculations of strain in the H5 sample, on the assumption that the small physical dimensions of this sample would permit significant stress-relief to occur through the removal of the material restraints. The correspondence between the corrected 28 value of the Stress Free Reference at 89.472 39.003" and the corrected 20 value of the relative reference position measured in runs #1 through #5 at 89.464 39.002" implies that the first relative reference point was nearly stress free in the hoop direction, as expected.
The count rates in the axial and hoop directions were very low as a result of the long (75mm) pathlength for neutrons in the steel plate, whereas the intensity in the radial direction was a strong function of the depth into the sample, as expected. The FWHM of the Bragg peaks do not change much with position in any of the three orientations. The strains were determined as in Eqn.3, and multiplied by lo4 to obtain values on the order of ten. Stresses were calculated from the strain values, as in Eqn.4, using the Kroner elastic constants for the 31 1 direction in 304L stainless steel. These calculated strains and stresses are given in Table I , in normal (i.e., nonitalicized) type.
d) Estimation of additional data points
Time constraints and/or poor counting statistics prevented measurement of several important strain components, as indicated in Table I . An estimation of the missing values was attempted to fill in the data tables. The three missing axial strain values for y=5mm were assumed to be similar to the recorded values for y=lOmm at the same depth, x. The estimated values are taken from the fitted curve through the corresponding points (see Figs.5-7) The two missing radial strain values for y = 5 m were interpolated from the bounding measured data. In this way a more complete strain map at y=5mm was obtained. The "estimated" strain and stress data are included in Table I , in the shaded fields. Some validation of this procedure comes from the observation that the calculated radial stresses are near zero as expected, and that the axial stresses are compressive near the centerline as expected. The complete set of strain values are plotted (with respect to the ycoordinates defined in Figure 4) as Figures 5-7 , and the calculated residual stresses are plotted as Force balance requires that the integration of forces over the thickness of the material must be zero. In the H5 weld section under investigation, force balance along a line through the thickness (which was defined as the y-axis) is required only for the radial and axial components.
The hoop stresses need not be balanced on such a line, as from symmetry considerations they may be balanced instead at positions offset from a given y-coordinate. In addition, the radial stress must extrapolate to zero at the surface (Le., at the ID and OD), and the remaining radial (pseudonormal) stresses are generally expected to be low in this approximately flat plate geometry.
Finally, stresses are not expected to exceed the yield stress for the material, since such stress levels would result in plastic yield to relieve the stress.
The present results correspond reasonably well to the conditions stated above. The radial stresses are generally zero, within a standard deviation of the data. It is noteworthy that the nonzero radial strains arise from Poisson's ratio effects. The axial stresses near the weld are highly tensile near the ID and OD, and highly compressive near the centerline. Force balance is achieved, within about one standard deviation of the data. The hoop components near the weldline are a l l somewhat tensile, but this does not appear to be in violation of mechanical stability, as force balance for hoop stresses is not required along the line in question. The largest tensile stresses approach the material yield stress, but do not grossly exceed this value, which itself is difficult to define due to thermal treatment of the base metal near the weldline in the HAZ.
f) Uncertainty in the Strain and Stress Determinations
Determinations of residual stress are subject to uncertainties that in one case can be estimated quantitatively from the statisitics of Bragg peak fitting and, in the second case, the uncertainties having to do with the accurate determination of the stress-free lattice spacing which determines the reference Bragg angle. The conversion of strain to stress adds another degree of uncertainty, but with the difference that the assumption of limiting cases of elastic behavior (Voigt and Reuss) permits the bracketing of the probable range of stresses in this case to within approximately one estimated standard deviation of the data.
An error in the stress-free 28 reference would simply shift all the strain and stress data up or down by some constant value. Such a 28 change will have the effect of augmenting or diminishing the hydrostatic or dilational stress component of the residual stress tensor, but the distortional stress tensor, obtained by subtraction of the purely dilational stress, will remain unchanged. The reference can be evaluated by cross checking the boundary conditions and force balances on the residual stress results. In the present case, the value of the the stress component perpendicular to the external surface (the radial component) must extrapolate to zero, for example.
The force balance on the radial and axial residual stress components, which is an integration of the strains along a line through the plate thickness, must also be zero. The final residual stresses Manuscript for: ASME 1996 Meeting on Pressure Vessels and Piping 1 1 adhere closely to these expected boundary conditions without having to invoke any strain adjustment.
The reference specimen was re-examined using a gauge volume of 3mm x 3mm x 3mm, smaller than the gauge volume used in the original experiments. and for which any peak shift in the reflection geometry is negligible. The reference was set up to rotate on its long axis and a series of Bragg diffraction peak measurements were made as a function of angle. Some variation in peak position with rotation angle was observed, possibly due to large grain size, texture gradients, or simply residual stresses retained from the plate itself, or from the machining and cutting processes. It may be concluded that the as-used reference strain error must be small (<O.0lo), based on the diffraction data and since the results of the analyses are in reasonable agreement with force balance limits.
The "true" error bars for the present results (which are constituted by statistical, strain-tostress conversion, and stress-free d-spacing uncertainties) are estimated to be approximately twice the counting statistics error bars shown in the tables and figures, where the estimated statistical error in the calculated stresses, as represented by one standard deviation in the peak profile fitting routines, was typically 40-50 MPa for the hoop stress, 30-40 Mpa for the axial stress, and 10-15 MPa for the radial stress components.
SUMMARY AND CONCLUSIONS
Residual strains in a 51mm thick 304L stainless steel plate have been measured by neutron diffraction and interpreted in terms of the principal residual stresses. The plate measuring 300mm x 30Omm in area was removed from a 6.1 metre (20%) diameter power reactor core shroud and contained a multiple-pass weld which joined two of the cylindrical shells which comprised the core shroud. The residual stresses parallel to the weld line (hoop) are relatively large and tensile, the stresses at right angles to the weld and in the plate (axial) are also large and include both tensile and compressive values, and the stresses perpendicular to the plate (radial) are near zero. The largest tensile axial stress found is near yield and is located in the heat affected zone next to the fusion zone near the inner diameter. The largest tensile hoop stress found is near yield and is located in the heat affected zone next to the fusion zone near the outer diameter. These findings differ somewhat from finite element calculations carried out elsewhere, but the differences may be due to the relieving of a significant fraction of the residual hoop stresses upon removal of the plate from the core shroud cylinder. A limited degree of stress mapping was undertaken in the heat affected zone on the outside half of the plate thickness. The residual stress components adhere generally to the trends anticipated from fhte element calculations, noting that the use of a (5mm)3 diffracting volume will have averaged out sharp residual stress variations; thus local residual stresses could be higher than, and exhibit more variation than, the measured values.
Large tensile residual stress components were seen at the inner diameter; 3 11+32 MPa axial at the inner diameter and 325+58 MPa tensile hoop at the outer diameter very near the fusion zone, based on the use of Kroner averages for the Young's modulus and Poisson's ratio. The axial and radial stress Components are very nearly in balance through the thickness. The largest throughthickness variation in residual stress was observed for the axial component, for which the stresses were tensile near the ID and OD, and compressive in the center. The radial residual stresses were within S O Mpa of zero with the exception of points nearest the fusion zone where larger tensile stress components were observed. 
